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C erebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a severe monogenic cerebral small vessel disease (SVD) caused by mutations of the NOTCH3 gene. 1 Although SVD in general and CADASIL in particular have long been considered as subcortical disorders, there is accumulating evidence that the cortical mantle is altered in different types of SVD either directly through the accumulation of cortical microinfarcts [2] [3] [4] or indirectly through secondary degeneration. [5] [6] [7] The small (<1 or 2 mm) cortical lesions appearing hypointense on T1 and hyperintense on T2 sequences 4, 8 correspond to microinfarcts that do not usually span the whole cortical thickness. 9 In addition, cortical thinning reported in SVD has been detected only through the use of intensive postprocessing methods involving thousands of voxels to highlight a loss of cortical thickness far below the voxel level in patients with large extent of white matter hyperintensities in sporadic SVD 10 or in cortical areas connected to a recent subcortical infarct in CADASIL. 5 We recently observed in a single patient a complete rupture of the cortical mantle spanning its whole thickness over a few millimeters. The aim of this study was to determine whether focal macroscopic cortical lesions (any cortical lesion macroscopically visible on 3-dimensional [3D] T1 images but not corresponding to cortical microinfarcts 8 ) could also be detected using specific in vivo magnetic resonance imaging (MRI) approaches in nondemented nondisabled CADASIL patients.
Methods

Study Participants
Twenty-eight genetically confirmed CADASIL patients from a prospective cohort study in the French Referral Centre for Rare Vascular Diseases of the Eye and the Brain (http://www.cervco.fr) were included along with 29 age-and sex-matched control subjects from a local database of healthy volunteers, free of any history of Background and Purpose-Cortical microinfarcts and secondary cortical degeneration have been demonstrated in cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a severe monogenic cerebral small vessel disease. The aim of this study was to determine whether focal macroscopic cortical lesions can be detected using a specific in vivo magnetic resonance imaging approach. Methods-Three-dimensional T1 magnetic resonance imaging scans were obtained in 28 nondemented nondisabled CADASIL patients and 29 age-and sex-matched controls. The cortical mantle of patients and controls were extracted using Brainvisa by an experienced user and then evaluated during a dedicated reading session by a second reader after removing the white matter to stay blind to the clinical status. Thereafter, confirmed focal macroscopic cortical lesions were characterized using all available imaging data, including 7-T magnetic resonance imaging in some patients. Results-Three focal macroscopic cortical lesions were confirmed in 3 of 28 patients (11%) but none in controls. All lesions were observed in the close vicinity of severe signal changes in the underlying white matter. Conclusions-Focal macroscopic cortical lesions can be detected using specific magnetic resonance imaging approaches in CADASIL patients long before the end stage of the disorder. The underlying mechanisms and precise clinical consequences of these cortical changes still need to be determined. Patients were proposed to participate to this study if they presented at the last clinical evaluation (within 18 months) without significant disability (modified Rankin scale ≤1) and without dementia (Mini Mental Score Examination >24, no major cognitive complain and absence of DSM-IV criteria for dementia). An ethics committee validated the study protocol. All patients and controls gave their informed consent for participating in this study.
MRI Acquisition
Analyses were performed on 3D T1-weighted images obtained on a 3-T Tim-Trio MRI scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 12-channel head coil, using a standard sagittal magnetization prepared rapid acquisition gradient echo sequence (in plane resolution, 1×1 mm 2 ; slice thickness, 1.1 mm; repetition time, 2300 ms; echo time, 2.98 ms; inversion time, 900 ms; flip angle, 9°; bandwidth, 238 Hz/pixel; and time of acquisition, 7 minutes and 45 seconds). Additional sequences, including 7-T scans, were available for 20 patients (details provided in the online-only Data Supplement).
MRI Processing
Given that lesions of the white matter and of basal ganglia are obvious even on 3D T1 scans in CADASIL patients, we designed a specific protocol to screen brain images for the presence of focal macroscopic cortical lesions while blind to the subject status (CADASIL patient or control). This step was needed as, to our knowledge, no previous study had ever evaluated the presence of such lesions in controls, and the presence of extensive white matter damage appearing on 3D T1 images might have led any reader to underreport similar lesions in controls. By contrast, this conservative approach may have led to an underdetection of such lesions in patients. To do so, the cortical mantle of both patients and controls was extracted from 3D T1 images by a neuroimaging specialist (F.D.G.), using previously validated methods in this disorder (online-only Data Supplement; Figure I in the online-only Data Supplement). 11 Cortical ribbons, isolated from the remaining brain tissues, were then presented in a random order to a naïve reader (A.L.I.) who was blind to the subject status and who had to screen all images in a systematic fashion (in the 3 orthogonal views) for the presence of focal macroscopic cortical lesions. Identified abnormal areas were then carefully screened on native 3D T1 images by an experienced reader (E.J.) to confirm or reject the presence of a corresponding focal macroscopic cortical lesion. After identification and validation of the different focal cortical abnormalities, all available imaging data at the individual level, potentially including 7-T scans were evaluated to describe the temporal evolution of these lesions.
Results
Nine suspected lesions were identified in 9 individuals (7 patients and 2 controls). Careful visual inspection finally confirmed 3 focal macroscopic cortical lesions in 3 patients (10.7%) but none in controls.
Characteristics of CADASIL patients with or without focal cortical lesions and controls are reported in Table. None of the patients with such lesions had cardiovascular risk factors. Patients with focal macroscopic cortical lesions tended to be older (Wilcoxon test, P=0.04) and to have more lacunes (Wilcoxon test, P=0.006) than patients without.
Imaging aspects corresponding to identified focal macroscopic cortical lesions are shown in Figure 1 Longitudinal analysis of available data in patients with macroscopic cortical alterations showed that these lesions appeared gradually, following a progressive signal loss in the underlying white matter (Figure 2 ).
Discussion
In this study, we detected focal macroscopic cortical lesions, using a specific in vivo MRI approach, in 3 of 28 nondemented and nondisabled CADASIL patients. Although our 
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methodology might have led to underestimate the prevalence of such lesions, their detection with a protocol in which the reader was blind to the subject status strongly supports that they are actually related to CADASIL. The mechanisms underlying these lesions are undetermined. Although cortical territorial infarcts could lead to similar lesions, there are several arguments against this hypothesis. In all cases, we observed through careful inspection of all available imaging data that these focal macroscopic cortical lesions were associated with deep progressive signal changes of the underlying white matter that were absent in the symmetrical area in the contralateral hemisphere. Additional data suggest that these cortical changes may occur after a progressive extension of underlying white matter alterations (Figures II and III in the online-only Data Supplement). However, given the laminar organization of the cerebral cortex, one would expect secondary degeneration to lead to layer specific alterations rather than to the loss of full cortical thickness. In a previous study, we observed that in 4 postmortem brains, cortical neuronal apoptosis mostly in layers III and V presumably related to the extent of underlying white matter alterations. 12 In this study, the macroscopically visible cortical thinning with complete breakdown in some cases suggests that other mechanisms might be involved such as an additional local vulnerability of the cortical mantle. Alternatively, we cannot exclude that the observed phenomenon is the end stage of the cortical thinning as reported in CADASIL or in sporadic forms of SVD ( Figure  IV in the online-only Data Supplement). While unproven, the underlying hypointense signal on T2* sequence observed beneath 2 macroscopic cortical lesions might be related to secondary degeneration, as previously suggested for similar signal changes in basal ganglia in CADASIL or in other settings such as multiple sclerosis. 13, 14 The limited sample size and small number of cortical lesions are obvious limitations of our study, preventing us to estimate the prevalence of these lesions and their clinical consequences. Example of a 65-y-old patient presenting with a focal macroscopic cortical lesion in the right parietal cortex. Whole brain 3-dimensional (3D) T1 image and zoomed sagittal and axial planes and fluid-attenuated inversion recovery (FLAIR) images are presented. The focal macroscopic cortical lesion is characterized by a complete disappearance of the cortex signal (1). The nearby cortex looks abnormally thin (2); the underlying white matter looks strongly hypointense on T1 suggesting extensive white matter damage that was not observed in the contralateral hemisphere or elsewhere (3); and an hyperintense area in the white matter on FLAIR images is surrounding the damaged white matter region (4).
Despite these limitations, the present results suggest that focal macroscopic cortical lesions may be detected using specific protocols even long before the development of disability and cognitive decline and may be frequently overlooked. Among the strengths of our study, our approach allowed identifying macroscopic cortical alterations while blind to the clinical status. We used all available imaging data in our database to characterize the identified lesions, which enabled to describe their temporal evolution. Further studies will be needed to determine the prevalence of these lesions, their mechanisms, and their exact clinical consequences. 
